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ABSTRACT
Chandra observations of the merging galaxy cluster A520 reveal a prominent bow shock with M = 2.1+0.4
−0.3.
This is only the second clear example of a substantially supersonic merger shock front in clusters. Comparison
of the X-ray image with that of the previously known radio halo reveals a coincidence of the leading edge
of the halo with the bow shock, offering an interesting experimental setup for determining the role of shocks
in the radio halo generation. The halo in A520 apparently consists of two spatially distinct parts, the main
turbulence-driven component and a cap-like forward structure related to the shock, where the latter may provide
pre-energized electrons for subsequent turbulent re-acceleration. The radio edge may be caused by electron
acceleration by the shock. If so, the synchrotron spectrum should have a slope of α≃ 1.2 right behind the edge
with quick steepening further away from the edge. Alternatively, if shocks are inefficient accelerators, the radio
edge may be explained by an increase in the magnetic field and density of pre-existing relativistic electrons due
to gas compression. In the latter model, there should be radio emission in front of the shock with the same
spectrum as that behind it, but 10–20 times fainter. If future sensitive radio measurements do not find such
pre-shock emission, then the electrons are indeed accelerated (or re-accelerated) by the shock, and one will be
able to determine its acceleration efficiency. We also propose a method to estimate the magnetic field strength
behind the shock, based on measuring the dependence of the radio spectral slope upon the distance from the
shock. In addition, the radio edge provides a way to constrain the diffusion speed of the relativistic electrons.
Subject headings: Galaxies: clusters: individual (A520) — intergalactic medium — X-rays: galaxies: clusters
— Radio continuum
1. INTRODUCTION
Cluster mergers convert kinetic energy of the gas in col-
liding subclusters into thermal energy by driving shocks and
turbulence in the gaseous halo of the merged cluster. A frac-
tion of this energy may be diverted into nonthermal phenom-
ena, such as magnetic field amplification and the accelera-
tion of relativistic particles that manifest themselves via syn-
chrotron radio halos (recently reviewed by, e.g., Feretti 2002,
2004; Kempner et al. 2004) and inverse Compton hard X-ray
emission (e.g., Fusco-Femiano et al. 2004; Rephaeli & Gru-
ber 2002). This energy fraction depends on microphysics of
the magnetized intracluster plasma, which is poorly known.
Shock fronts may provide a unique observational tool to study
the above processes, because they create high-contrast fea-
tures in the cluster X-ray images (and, as we shall see, in
the radio images), and because they are those rare locations
in clusters where gas velocities in the sky plane can be de-
termined from the X-ray imaging spectroscopy (e.g., Marke-
vitch, Sarazin, & Vikhlinin 1999).
Until recently, the only unambiguous cluster merger shock
(exhibiting both a sharp gas density edge and a convinc-
ing temperature jump, the prerequisites for determining the
gas velocity and density jumps) was that found by Chandra
in 1E 0657–56 (Markevitch et al. 2002). In this paper, we
present the second such example discovered in A520, a merg-
ing cluster at z = 0.203. While many clusters exhibit merg-
ing and shock-heated gas, observations of shock fronts are so
rare because one has to catch a merger at a very specific stage
when the shock has not yet moved to the outer, low surface
brightness regions, and at a sufficiently small angle from the
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sky plane so that projection does not hide the density edge.
Both A520 and 1E 0657–56 have radio halos (Govoni et al.
2001; Liang et al. 2000). Close relation between halos and
mergers was extensively discussed (e.g., Feretti 2002; Buote
2001; Markevitch & Vikhlinin 2001; Govoni et al. 2004, here-
after G04). Merger-driven turbulence is likely the main pro-
cess responsible for generation of the ultrarelativistic elec-
trons producing the diffuse radio emission (e.g., Schlickeiser,
Sievers, & Thiemann 1987; Brunetti et al. 2001; Fujita, Tak-
izawa, & Sarazin 2003), but the contribution due to shock
acceleration (e.g., Harris et al. 1980; Tribble 1993; Sarazin
1999) is still not clear. The best way to separate these two
contributions is to look at a cluster with a bow shock and a
radio halo, which is what we do in this paper.
We assume a flat cosmology with H0 = 70 km s−1 Mpc−1
and Ω0 = 0.3, in which 1′′ is 3.34 kpc at the cluster’s redshift.
Uncertainties are 90% unless stated otherwise.
2. X-RAY ANALYSIS
A520 was observed with Chandra ACIS-I twice. Results
from the first, short (9 ks) exposure taken in October 2000
were presented in G04. In December 2003, the cluster was
re-observed for 67 ks. We analyze this dataset here and omit
the earlier exposure for simplicity. The data were prepared
and cleaned in a standard manner; the instrument responses
for spectral analysis were generated as described in Vikhlinin
et al. (2004). The background was modeled using the blank-
sky dataset as described in Markevitch et al. (2003b). We
encountered a minor complication in the form of a slowly-
varying 10% background excess over the quiescent level at
E < 8 kev, somewhat similar to (but smaller than) that de-
scribed in Markevitch et al. (2002). In the image area free
of cluster emission, and in the energy interval 0.8–9 keV that
we used for spectral fitting, the spectrum of the excess was
well-modeled by a power law with photon index −0.7 (with-
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FIG. 1.— (a) ACIS 0.5–2 keV image of A520 smoothed with a σ = 4′′ Gaussian. Point sources are removed. A bow shock is propagating in the SW direction
from the cluster center. Dashed lines mark a sector used for radial profiles across the shock shown in Fig. 2. (b) VLA 1.4 GHz contours from Govoni et al. (2001)
overlaid on the X-ray image. Discrete sources not related to the diffuse emission are not removed from the radio image. FWHM is 15′′; contours are spaced by a
factor of 2.
out applying the mirror effective area or CCD efficiency to the
model). We assumed this component to be spatially uniform
and included it in the fits. The uncertainty of this component
propagates into errors of best-fit temperatures that are smaller
than the statistical errors for the interesting cluster regions.
Fig. 1a shows a smoothed ACIS image of the cluster. As
seen from the X-ray as well as weak lensing data (Clowe et
al. in prep.), the cluster undergoes a merger along the NE-
SW direction. A bright irregular structure southwest of center
consists of dense, cool pieces of a cluster core that has been
broken up by ram pressure as it flew in from the NE direc-
tion (Markevitch et al. in prep). In front of this structure is
a prominent bow-shaped brightness edge perpendicular to the
merger direction. This was suggested by the earlier, shorter,
exposure; the new observation provides sufficient statistics to
determine that it is a shock front.
Fig. 2a shows a radial brightness profile across this edge,
extracted in a sector marked in Fig. 1a and excluding regions
affected by the dense core structures. The energy band 0.5–
2 keV was chosen to minimize the dependence of the X-ray
brightness on temperature. The profile has the characteristic
shape of a projected sharp spherical density discontinuity. We
therefore fit it with such a radial density profile (two power
laws with a jump), shown in panel b and in projection as a
histogram in panel a. The best-fit amplitude of the density
jump, after a small (3%) correction for the measured temper-
ature difference across the edge, is x≡ ρ2/ρ1 = 2.3±0.3. The
gas temperatures in the same sector are T1 = 4.8+1.2
−0.8 keV and
T2 = 11.5+6.7
−3.1 keV for the low and high density side of the edge,
respectively. The latter temperature value is “deprojected”,
for which we used the best-fit density model to subtract the
(small) contribution of the outer cooler gas on the line of sight
near the shock.
The sign of the temperature jump confirms that the edge
is indeed a shock front. From the Rankine-Hugoniot shock
conditions, we can use the above density and temperature
jumps to obtain two independent estimates of its Mach num-
ber. They are M = 2.1+0.4
−0.3 and 2.2+0.9−0.5, respectively, in good
mutual agreement; we will use the more accurate value from
the density jump. From the gas the temperatures and the Mach
number, the velocities of the the pre-shock and post-shock gas
flows in the shock reference frame are approximately 2300
km s−1 and 1000 km s−1, respectively.
3. DISCUSSION
3.1. Radio edge
A520 has a prominent radio halo (Govoni et al. 2001),
whose brightness contours are overlaid on the X-ray image
in Fig. 1b. G04 already noted a remarkable coincidence of
the SW edge of the radio halo with the shock-like X-ray fea-
ture, although at that time it was not clear whether the feature
is a shock front. A similar extension of the radio halo edge to
the bow shock is seen in 1E 0657–56 (Markevitch et al. 2002;
G04). In another merging cluster, A665, a “leading” edge of
the halo also corresponds to a region of hot gas that is prob-
ably behind a bow shock, although the X-ray image of A665
does not show a gas density edge at the shock, probably due to
an unfavorable viewing angle (Markevitch & Vikhlinin 2001;
G04). The overall structure of the halo in A520 may even sug-
gest two distinct components, a mushroom with a stem and a
cap, where the main stem component goes across the clus-
ter and the cap ends at the bow shock. The main component
appears to be in the region of the cluster where one expects
relatively strong turbulence (G04). In this paper, we concen-
trate on the halo edge.
3.1.1. Shock acceleration
One possible explanation for the radio edge is accelera-
tion of electrons to ultrarelativistic energies by the shock.
The shock should generate electrons with an energy spectrum
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FIG. 2.— (a) The 0.5–2 keV brightness profile across the bow shock in a sector marked in Fig. 1a (see text). Errors here are 1σ; histogram shows the best-fit
model whose radial density profile is given in panel (b). (c) Temperatures across the shock (errors are 90%). The r axis shows a distance from the shock’s center
of curvature, which is near the centroid of the cluster.
dN/dγ = N0γ−p with
p =
x + 2
x − 1
(1)
via first-order Fermi acceleration (e.g., Blandford & Eich-
ler 1987); p ≃ 3.3 for our shock with x ≃ 2.3. The syn-
chrotron emission should have a spectrum Iν ∝ ν−α with
α = (p − 1)/2 ≃ 1.2 right behind the shock front. However,
these electrons are short-lived because of IC and synchrotron
energy losses, and their spectrum will quickly steepen. The
respective electron lifetimes, t IC and tsyn, are
t IC = 2.3× 1012 γ−1 (1 + z)−4 yr (2)
and
tsyn = 2.4× 1013 γ−1
(
B
1µG
)
−2
yr (3)
(e.g., Sarazin 1999). IC losses dominate for B < 3µG; other
losses are negligible for our range of energies and fields. For
a power-law electron spectrum with p = 2 − 4 (expected for
shocks with M > 1.7), the contribution of different γ at a given
synchrotron frequency has a peak at
γpeak ≈ 104
( ν
1GHz
)1/2( B
1µG
)
−1/2
. (4)
The exact value depends only weakly on p in the interesting
range, and the emission at a given frequency comes from a rel-
atively narrow interval of γ. Assuming B∼ 1µG, the lifetime
for electrons with γ ∼ 1.2×104 that emit at 1.4 GHz in A520
is∼ 108 yr. Thus, given the 1000 km s−1 velocity of the down-
stream flow (§2) that carries these electrons away from the
shock, the width of the synchrotron-emitting region should
only be about 100 kpc, beyond which the electrons cool out of
the 1.4 GHz band. At lower frequencies, the cooling is slower
and this region will be wider (we discuss this in more detail
in §3.2). This scale is an order of magnitude smaller than the
size of the halo, so the whole halo cannot be produced by par-
ticles accelerated at this shock. This is true for merger shocks
in general (e.g., Brunetti 2003). However, the cap-like part of
the radio halo appears to have just the right width, ∆r . 100
kpc (considering the finite angular resolution). Thus with the
available data, this region is not inconsistent with shock accel-
eration and may be a “radio gischt”, using the classification of
Kempner et al. (2004). While the relativistic particles in this
structure cool down soon after the shock passage, some may
later be picked up and re-accelerated as they reach the tur-
bulent region behind the subcluster core, where the stem-like
halo component forms.
3.1.2. Compression of fossil electrons
However, the efficiency with which collisionless shocks in
clusters can accelerate particles4 is unknown, and may be in-
sufficient to generate the observed radio brightness. The radio
edge in A520 offers an interesting prospect for constraining it.
If the acceleration efficiency is low, the observed radio edge
may alternatively be explained by an increase in the magnetic
field strength and the energy and density of the pre-existing
relativistic electrons simply due to the gas compression at the
shock. Such pre-existing particles may be, for example, sec-
ondary electrons generated by relativistic protons (e.g., Den-
nison 1980) or cooled primary electrons accumulated from
previous merger events (e.g., Sarazin 1999). This is similar
to the scenario proposed by Enßlin & Gopal-Krishna (2001)
for radio relics, which may be regions of fossil radio plasma
re-energized by a recent merger shock passage. In this model,
the pre-existing electrons must produce diffuse radio emis-
sion in front of the bow shock, whose intensity and spectrum
may be predicted from the shock compression factor and the
post-shock radio spectrum, as given below.
For a rough estimate, we assume that as the gas crosses
the shock surface, its tangled magnetic field is compressed
isotropically (indeed, observations at the Earth’s bow shock
show that a shock passage strengthens the field whether it is
parallel or perpendicular to the shock, e.g., Wilkinson 2003
and references therein). The average field strength B then in-
creases by a factor
B∝ x2/3 (5)
(and the energy density as x4/3), where x is the gas density
jump. We further assume for simplicity that relativistic par-
ticles do not have a significant velocity component along the
field lines. This shouldn’t be too far from the truth, because
in a highly nonuniform field, the particles spend most of their
4 The acceleration efficiency is defined as the inverse of the average time
it takes to double the particle’s energy.
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time in the field bottlenecks and mirrors where the component
of their momentum perpendicular to the field indeed domi-
nates. The shock passage would then cause the particles to
spin up as γ ∝ B1/2 (the adiabatic invariant). For a power-law
fossil electron spectrum of the form
dN
dγ = N0 γ
−δ, (6)
such a shift in energy would preserve the slope of the spec-
trum and increase its normalization proportional to B (δ−1)/2.
In addition, the number density of relativistic electrons in-
creases by another factor of x due to the compression, so the
electron spectrum normalization after the shock passage will
change as (given eq. 5)
N0 ∝ x(δ+2)/3. (7)
(Note that we recover the relativistic adiabat for the parti-
cles: across the shock, their volume energy density changes
as P ∝ xγ ∝ x4/3.) For a power-law electron spectrum, the
synchrotron surface brightness at a given frequency is Iν ∝∫
N0 B (δ+1)/2dl (e.g., Rybicki & Lightman 1979), where the
integral is along the line of sight. For our viewing geometry
with the shock surface parallel to the line of sight, it should
exhibit a jump at the shock
Iν ∝ xBδ ∝ x
2
3 δ+1. (8)
Thus, for our shock with x = 2.3, if the radio edge is due to
the compression only, there must be a pre-shock radio emis-
sion with the same spectrum as post-shock but fainter by a
factor of 7 − 20 for δ = 2 − 4, respectively (in practice, δ can be
determined from the post-shock radio spectrum).
The assumption of a power law spectrum can be relaxed
somewhat. The frequency at which the particle emits most of
its synchrotron radiation scales across the density jump as
νpeak ∝ Bγ2 ∝ x4/3, (9)
or by a factor of 3 for the A520 shock. Even if the spectrum
deviates from a pure power law, the pre-shock spectrum can
still be predicted directly from the post-shock spectrum at the
frequencies scaled down as given above.
Given the simplifying assumptions about the change of the
magnetic field and particle energy at the shock, the above is
of course only a rough estimate, but it should not be too far
off. One can obtain estimates within a factor of 2 for the Iν
increase under very simple alternative assumptions about the
field structure.
3.1.3. Re-acceleration of fossil electrons
In addition to the two mechanisms discussed above, there is
a third possibility, namely, re-acceleration of the fossil elec-
trons by the shock. In the linear acceleration regime, the post-
shock electron spectrum will be (e.g., Blandford & Eichler
1987; Micono et al. 1999):
dN
dγ = (p + 2)γ
−p
∫ γ
γmin
dNf
dγ γ
p−1 dγ, (10)
where p is from eq. (1), γmin is the minimum initial energy of
the particles that can be accelerated at the shock (or present in
the fossil population, whichever is higher), and dNf/dγ is the
fossil electron spectrum. If the latter is a power law given by
eq. (6), and is steeper than the one produced by direct shock
acceleration (i.e., δ > p), the post-shock spectrum will acquire
the slope p and its normalization will increase by a large fac-
tor dependent on γmin. In practice, this case will probably be
indistinguishable from the direct shock acceleration consid-
ered above. If the fossil spectrum is flatter with δ < p, the
post-shock spectrum will preserve the slope δ while its nor-
malization will increase as
N0 ∝
3x
x + 2 − δ (x − 1). (11)
A comparison of this factor to the one derived for the com-
pression (eq. 7) confirms the intuitive expectation that re-
acceleration would provide a bigger boost to the fossil elec-
tron spectrum than simple compression. For example, for
δ = 2 − 3 (a flatter slope than p ≈ 3.3 for our shock), an in-
crease due to the compression is by factors of ≈ 3 − 4 for
our shock, while the re-acceleration increase is by factors of
≈ 4 − 17, respectively. We should note that a boost of the fos-
sil electron spectrum due to the magnetic field compression
should occur regardless of the presence of shock acceleration,
but whether or not these two effects are additive probably de-
pends on the exact processes on the microscopic level.
3.1.4. Observational prospects
The above estimates show that the least efficient way to cre-
ate the radio edge is the increase of the energy of the pre-
existing relativistic electrons due to the compression of the
magnetic field by the shock. In such a scenario, those fossil
electrons should also generate synchrotron emission in front
of the shock. If future sensitive measurements do not detect
a pre-shock radio emission at the level predicted for simple
compression, it would mean that the shock generates relativis-
tic electrons and/or a magnetic field, as opposed to simply
compressing them. Observations of interplanetary shocks of
a similar strength and high thermal-to-magnetic pressure ratio
relevant for cluster plasma seem to be consistent with a simple
compression of the field (Russell & Greenstadt 1979), so mag-
netic field generation is unlikely. Thus such a non-detection
would provide a direct estimate of the shock’s particle accel-
eration efficiency.
While the expected pre-shock emission may be below the
current measurement sensitivity, one can get an initial idea
of the origin of the electrons in the cap of the halo by mea-
suring the radio spectrum immediately behind the edge. If
the electrons are shock-accelerated directly, the radio spectral
slope should be α = 1.2. Within the range of possibilities that
we have considered, a steeper spectrum would point to com-
pressed fossil electrons, and a flatter spectrum would indicate
fossil electrons with a flat initial energy spectrum, either com-
pressed or re-accelerated.
Because the bow shock is spatially separated from the tur-
bulent area further downstream (except for the region around
the small dense core fragments) and there is no reason to ex-
pect significant turbulence and additional acceleration in that
intermediate region, the cap-like structure is likely to exhibit
a measurable spectral difference from the main halo. Within
the 100 kpc-wide strip along the shock, the spectrum should
quickly steepen starting from α = 1.2 (or other, probably not
very different, value as discussed above). If the region is unre-
solved, the resulting mixture would have a volume-averaged
slope α¯ ≈ α + 1/2 (Ginzburg & Syrovatskii 1964) which is
significantly steeper than α ≃ 1 − 1.2 observed on average in
most halos (e.g., Feretti 2004), the bulk of which is probably
continuously powered by turbulence. Interestingly, Feretti et
al. (2004) found that the presumed post-shock region in A665
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FIG. 3.— Lifetime of the relativistic electrons that contribute the most
to the synchrotron emission at a certain frequency, for a p = 3 − 4 electron
spectrum, as a function of B. Two frequencies are shown as solid and dashed
lines. Black and red lines correspond to two different redshifts (z = 0.2 for
A520 and z = 0.3 for 1E 0657–56).
indeed exhibits the steepest radio spectrum in the spectral in-
dex map of the cluster, which is consistent with the above
two-component cap + stem picture.
3.2. Magnetic field estimate
Regardless of the exact origin of the relativistic electrons
responsible for the radio edge, the distinct “gischt” in A520,
and perhaps a similar region in 1E 0657–56, provide an in-
teresting possibility for estimating the magnetic field strength
behind the shock. As discussed above, IC and synchrotron
cooling cause the electron spectrum to steepen and the elec-
trons to drop out of the radio image on timescales of order 108
yr. This timescale depends on B as shown in Fig. 3, which
combines eqs. (2, 3, 4). It gives the lifetime of the electrons
that contribute the most at a given frequency, for a p = 3 − 4
spectrum and an interesting range of B. We assume that the
bow shock causes a momentary increase in electron energy
and B. The post-shock gas flows away from the shock with a
known velocity and effectively “unrolls” the time evolution of
the electron spectrum along the spatial coordinate (assuming
no diffusion, see §3.3, and neglecting for this simple estimate
the change of the post-shock velocity with coordinate). Thus
the width of the “gischt”, if it is resolved, can give us the
measure of the magnetic field. In practice, such a measure-
ment needs to be done at more than one frequency in order
to determine the spectrum of the electrons for a more precise
calculation of γpeak (and of course to verify that the electrons
cool as predicted at different frequencies, that is, no acceler-
ation occurs after the shock passage). In addition, the radio
angular resolution has to be sufficient to perform at least a
rough deprojection of the spherical edge of the bow shock (cf.
Figs. 2a,b) and exclude the (possibly turbulent) region around
the dense core remnant (Fig. 1a). A cooling time 2× 107 yr
(the minimum interesting time) corresponds to the 6′′ distance
from the front, which gives the minimum resolution require-
ment. The available single-frequency radio data (Fig. 1b) do
not have the needed signal to noise ratio or resolution, but are
not inconsistent with B of order a µG. Such a measurement
may be easier in 1E 0657–56 than in A520, as the shock there
is more prominent and farther away from the turbulent area.
This method is reminiscent of that of Harris & Roman-
ishin (1974) which compares the hard X-ray IC and radio
synchrotron luminosities, in that it also combines the IC and
synchrotron emission. The field values derived from the
IC/synchrotron ratio have persistently been lower than those
derived from Faraday rotation (see Carilli & Taylor 2002 for
a review). One of the proposed explanations is that the hard
X-ray and radio emissions come from different electron pop-
ulations in regions with different fields (e.g., Rudnick 2000;
Petrosian 2001; Brunetti et al. 2001). Our method would
be free from this complication, because we essentially esti-
mate the IC losses using the time evolution of the synchrotron
emission from exactly the same electrons. Our method can
distinguish among the values in the controversial interval of
B∼ 0.1 − 3µG, although, as seen from Fig. 3, it cannot give a
unique value of B, because tloss is not a monotonous function
of B. Note also that the magnetic field behind the shock would
be amplified as discussed in §3.1.2.
3.3. Diffusion of relativistic particles
The above argument assumes that relativistic particles do
not diffuse through the gas away from their place of origin.
Diffusion with a velocity less than the 1000 km s−1 shock
velocity would not alter the picture qualitatively. The dif-
fusion speed is not expected to exceed the Alfvén velocity
of ≈ 50 (B/1µG) km s−1 (e.g., Jaffe 1977), because faster-
diffusing particles should be slowed down by self-generated
Alfvén waves. If in reality this mechanism is not effective
and the diffusion is much faster, a factor of M = 2.1 or more
above the sound speed, it will spread the radio edge into the
pre-shock region. Therefore, the study of the radio edge also
provides an interesting opportunity to detect or place a direct
limit on the diffusion of relativistic particles.
Diffusion would create pre-shock radio emission which
may be confused with that from any fossil particle popula-
tion discussed in §3.1.2. However, unlike the fossil particles
which do not know anything about this shock, diffusion would
create a narrow strip clearly related to the shock (for any rea-
sonable diffusion rates). Thus, if any pre-shock emission is
ever detected, it should not be difficult to separate these two
possibilities.
4. SUMMARY
The Chandra observation of A520 reveals a prominent bow
shock with M = 2.1, which is only the second clear exam-
ple of a substantially supersonic merger shock front besides
1E 0657–56. The shock coincides with an apparent leading
edge of the radio halo. In light of this coincidence, we dis-
cuss possible explanations for the radio edge, which include
direct acceleration of relativistic electrons by the shock, or en-
ergizing pre-existing electrons via shock re-acceleration or the
compression of the magnetic field. Both models make testable
predictions. In particular, the compression model predicts the
existence of pre-shock radio emission at a level about 1/10–
1/20 of the post-shock brightness. If one determines which of
the models is valid, it could provide a measure of the parti-
cle acceleration efficiency in the cluster merger shocks. The
slope of the radio spectrum immediately inside the edge may
also give an idea of the nature of the edge, and possibly even
test the applicability of the Fermi acceleration mechanism.
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Regardless of the nature of the radio edge, it offers an
interesting tool to measure the magnetic field strength in
the post-shock gas (albeit not unambiguously) and exclude
high rates of diffusion of the relativistic electrons, provided
high-resolution radio data. All these measurements rely on
the knowledge of the shock velocity and compression fac-
tor obtained from the X-ray. The shock fronts in A520 and
1E 0657–56 can thus provide unique information on the mi-
crophysics of the intracluster gas.
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